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THE  ROLE  OF  BASIC  FIBROBLAST  GROWTH  FACTOR  IN  HUMAN  BREAST  CANCER 


Annual  report.  September  28.  1995 

INTRODUCTION 


The  role  of  bFGF  in  breast  cancer 

Among  the  many  gene  products  which  play  a  role  in  the  complex  angiogenic  process 
in  breast  cancer,  basic  fibroblast  growth  factor  (bFGF,  FGF-2)  is  one  of  the  most  important  (1). 
Cancer  cells  acquire  the  capacity  to  secrete  bFGF  in  a  nonclassical  marmer  as  one  of  the  last 
steps  to  malignant  transformation  (2).  Immimohistochemical  stains  of  primary  tumor  samples 
demonstrated  that  bFGF  was  not  present  in  hyperplasia  or  intraductal  carcinomas,  but  was  only 
seen  in  benign  myoepithelial  cells  or  basement  membranes  surrounding  the  tumors  (3).  Once 
secreted,  bFGF  is  associated  with  the  extracellular  matrix  (ECM),  a  complex  array  of  heparan 
sulfate  proteoglycans  (HSPG)  associated  with  laminin,  fibronectin  and  collagen  (4).  bFGF  is 
released  from  the  ECM  by  collagenases  produced  by  tumor  cells  and  induces  migration  and 
proliferation  of  endothelial  cells.  bFGF  also  induces  the  production  of  plasminogen  activator 
(PA)  in  endothelial  cells,  which  further  degrades  the  ECM. 

Basic  FGF  is  a  ubiquitous  member  of  the  heparin  binding  protein/fibroblast  growth 
factor  family  of  proteins  (5).  It  plays  important  roles  in  embryogenesis,  muscle  development, 
neural  generation  and  differentiation,  angiogenesis  and  in  particular,  tumor  angiogenesis  (6), 
and  normal  (7,8)  and  malignant  hematopoiesis  (9-12).  The  protein  has  extensive  inter-  and 
intra-species  homology  with  other  members  of  the  heparin  binding  growth  factor  family  of 
proteins,  of  which  there  are  currently  nine  members  identified  (13)  and  some  of  which  are 
proto-oncogenes,  but  differs  from  most  of  them  by  lacking  a  signal  peptide  which  permits 
classical  secretion  (14). 

The  orif^in  and  functions  of  different  bFGF  moieties 

Because  bFGF  is  so  ubiquitous  and  yet  has  many  different  specific  function  in  many 
systems,  the  specificity  of  its  function  and  divergence  of  its  signalling  potential  must 
necessarily  be  mediated  by  many  factors  at  many  levels.  One  mechanism  of  modulating  the 
activity  of  bFGF  is  through  the  coding  of  multiple  moieties  by  the  same  gene,  with  alternate 
characteristics.  A  single  mRNA  species  gives  rise  to  four  bFGF  moieties  using  four  translation 
initiation  sites.  An  AUG  classical  translation  initiation  site  is  the  start  site  for  an  18  kD  species 
(GIF)  and  three  upstream  CUG  alternate  translation  initiation  sites  result  in  the  synthesis  of  a 
22,  22.5  and  24  kD  species  (AIF)  (15)  which  have  the  capacity  to  localize  in  the  nucleus  by 
virtue  of  the  presence  of  nuclear-localization  sequences  (16-18).  The  cytoplasmic  and  nuclear 
species  appear  to  have  different  roles  (19,  20). 

Although  bFGF  does  not  have  a  signal  peptide,  like  some  other,  related  members  of  the 
FGF  family,  it  is  secreted  in  a  non-classical  manner  by  cells  which  become  transformed  (2). 
Nontransformed  fibroblast  cell  lines  expressing  the  18  kD  bFGF  moiety  proliferate  more 
rapidly,  but  are  not  transformed  unless  a  signal  peptide  is  attached  to  their  amino  terminal  (21, 
22).  Fibroblasts  which  express  high  levels  of  the  18  as  well  as  the  22  and  24  kD  species  which 
localize  in  the  nucleus  to  high  levels  (23,  Wieder  in  preparation),  are  phenotypically 
transformed.  NIH  3T3  cells  which  express  both  cytoplasmic  and  nuclear  localizing  forms  of 
bFGF  only  secrete  the  18  kD  moiety  in  NIH  3T3  cells  (24).  Preferential  secretion  of  different 
moieties  is  another  divergence  mechanism. 

Basic  FGF  is  mitogenic  in  many  cell  types,  including  fibroblasts,  neuronal  cells, 
hematopoietic  cells  and,  as  mentioned  above,  endothelial  cells.  It  was  reported  that  bFGF  is 
slightly  mitogenic  in  MCF-7  breast  cancer  cell  lines  in  serum-free  conditions  (25-28),  but  it 
inhibited  IGF-I  induced  proliferation  of  MCF-7  cells  in  one  study  (28).  In  contrast  to  its  effects 
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on  endothelial  cells,  the  18  kD  moiety  of  bFGF  inhibits  the  proliferation  of  fibrosarcoma  cells 
(29)  and  several  human  breast  cancer  cell  lines  (27,  30,  31)  when  added  exogenously  in  the 
presence  of  serum. 

We  investigated  the  effects  of  bFGF  in  MCF-7,  an  estrogen  dependent  cell  line  (ATCC, 
Rockvile,  MD),  and  other  human  breast  cancer  cell  lines.  Basic  FGF  inhibited  MCF-7  cell 
proliferation  both  in  the  presence  or  absence  of  estradiol.  Basic  FGF  inhibited  thymidine 
incorporation  by  50%  at  50  pg/ml  in  MCF-7  cells  and  reached  maximal  inhibition  at  250 
pg/ml.  The  effect  with  500  pg/ml  was  noticeable  after  8  hours  and  became  maximal  after  96 
hours.  Tissue  culture  kinetics  were  affected  similarly.  Basic  FGF  inhibited  the  proliferation  of 
MCF-7  cells  induced  by  insulin,  estradiol  and  epidermal  growth  factor  (EGF)  and  accentuated 
the  antiproliferative  effect  of  TGFP  in  these  cells.  The  inhibitory  effect  by  bFGF  was  reversible 
by  coincubation  with  neutralizing  antibody  or  by  removal  of  bFGF  from  the  media.  Growth 
inhibition  was  due  to  an  increase  in  the  Gq/Gj  phase  of  the  cell  cycle  from  31.7%  to  69.9%  in 
estrogen-containing  media  and  from  53.4%  to  72.7%  in  hormone-deprived  media  (p  <  0.01). 
Binding  studies  and  Scatchard  curve  analyses  revealed  high  affinity  binding  of  bFGF  in  MCF-7 
cells  with  a  constant  of  57  pM  and  the  presence  of  5,200  sites  per  cell. 

The  role  of  FGF  receptors  in  signal  diversity  bv  different  members  of  the  FGF  family 

FGF  effects  are  mediated  through  binding  to  one  of  four  high-affinity  receptors  (32). 
Basic  FGF  also  binds  to  cell  surface  heparan  sulfate  proteoglycans  with  low  affinity  (33),  but 
heparin  is  necessary  for  binding  to  high-affinity  receptors  (34)  and  for  biological  activity  (35, 
36)  through  a  heparin  binding  domain  of  FGF  receptors  (37)  and  through  interaction  with  the 
carboxy  terminal  of  bFGF  (38).  Heparin  exerts  its  effect  by  binding  to  many  molecules  of 
FGF,  and  is  responsible  for  receptor  dimerization  (39)  and  can  also  initiate  cellular  signalling 
by  receptor  activation  (40).  These  molecules,  their  presence  on  particular  cell  types  and  their 
preferential  interaction  to  different  bFGF’s  contribute  significantly  to  signal  diversity  required 
by  bFGF  in  various  systems. 

FGF  receptors  are  members  of  the  tyrosine  kinase  receptor  family.  Four  distinct  FGF 
receptor  genes  have  been  identified,  which  are  used  hy  all  of  the  menibers  of  the  heparin 
binding  FGF  family  (41).  At  least  two  receptors,  FGFRl  and  FGFR2,  give  rise  to  multiple 
forms  due  to  alternate  splicing  in  the  binding  domain  (42).  Different  receptors  and  alternately 
spliced  receptors  bind  different  members  of  the  FGF  family  with  different  affinities,  giving  rise 
to  another  layer  of  diversity  in  signal  specificity  (reviewed  in  43).  The  extracellular  binding 
domain  consists  of  three  immunoglobulin-like  domains  which  bind  the  FGFs  and  induce  a 
conformational  change  in  the  receptor.  Activated  receptors  heterodimerize  with  other  FGFR 
family  members  and  transphosphorylate  (44),  activating  signal  pathways  unique  to  each 
receptor  (45).  Signalling  by  FGF  occurs  partly  through  cell  surface  receptors  and  the  cascade 
they  initiate,  and  partly  by  transport  of  the  growth  factor  into  the  cell  (46).  Binding  of  FGF 
results  in  nuclear  localization  through  its  receptor,  in  contrast  to  endogenously  expressed  bFGF, 
which  remains  cytoplasmic  (47). 

Signal  diversity  through  receptor-initiated  pathways 

Basic  FGF  exerts  its  mitogenic  effect  by  binding  to  high-affinity  tyrosine  kinase 
receptors  (48-50)  and  transiently  activating  the  ERK,  extracellular  receptor  mitogen  activated 
kinase  (MAP  kinase)  pathway  (51)  through  parallel,  divergent,  convergent  and  redundant  signal 
pathways  which  results  in  the  phosphorylation  of  MAP  kinases  ERKl  and  ERK2.  FGFR-4 
binds  bFGF  variably  (52-54),  has  a  tissue-specific  expression  pattern  from  FGFRl  and  2  (52), 
causes  alternate  signalling  from  FGFRl  (55)  and  does  not  cause  phosphorylation  of  MAP 
kinase  (56).  Phosphorylation  of  specific  tyrosine  moieties  of  different  Src  homology  (SH2) 
domains  of  tyrosine  kinase  receptors  determine  the  pathway  of  activation  from  the  receptor  (57- 
59).  The  receptor-activated  signal  proceeds  through  one  of  several  described  pathways  (60-65). 
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Induction  of  the  pathways  causes  rapid  transcription  of  jun,  fos  and  myc  (66),  causing  cells  to 
be  released  from  growth  arrest  to  S  phase. 

Cell  cycle  control  bv  cvclins.  cvclin  dependent  kinases  fcdk’sl  and  cdk  inhibitors 

In  MCF-7  cells,  bFGF  activates  the  ERK  pathway  and  induces  t5Tosine  phosphorylation 
of  and  p44”’“P'‘  while  inhibiting  cellular  proliferation,  and  increases  the  cellular  content 

of  the  cyclin  dependent  kinase  (cdk)  inhibitor  (67).  p21  exists  in  a  quaternary 

complex  with  Gj  cyclins,  cdks  and  PCNA,  proliferating  cell  nuclear  antigen  (68).  The 
stoichiometric  variability  of  the  p21  content  of  cyclin/kinase  complexes  determines  whether 
the  complex  is  catalytically  active  or  not  (69).  PCNA,  which  activates  DNA  polymerase  6  and 
is  active  in  excision  repair  of  Gj -accumulated  DNA  damage,  is  directly  inhibited  by  p21  with 
regard  to  its  DNA  synthetic  function  (70)  but  not  to  its  nucleotide-excision  repair  function 
(71).  Another  mechanism  of  p21  activity  appears  to  be  the  inactivation  of  cyclin/cdk  complexes 
(67),  resulting  in  a  decrease  in  the  hyperphosphorylation  of  retinoblastoma  protein  Rb  (72), 
which  then  represses  E2F  and  other  transcription  factors  required  for  the  expression  of  S  phase 
genes  (73). 

The  wild  type  tumor  suppressor  p53,  which  is  induced  to  high  levels  by  cellular  DNA 
damage,  causes  cells  to  arrest  in  late  G,  by  directly  inducing  transcription  of  p21  mRNA 
through  binding  to  WAFl  upstream  sequences  (74).  Basic  FGF  can  also  induce  transcription 
of  p21  mRNA  using  non-p5 3 -mediated  pathways  in  cells  with  mutant  or  inactive  p53  (75). 
p53 -independent  expression  of  p21  appears  to  correlate  with  terminal  differentiation  (76,  77). 
The  mechanism  of  induction  of  p21  by  bFGF  has  not  been  determined. 

Other  cyclin  kinase  inhibitors  modulating  cell  cycle  arrest  have  been  discovered.  p27'‘''’', 
a  TGFp-induced  cdk4  inhibitor  (78)  and  pi 6”^'*  (79)  are  among  the  best  studied.  In  addition 
to  proliferation,  pl6  inhibits  Ras-induced  transformation  (79)  and  is  also  associated  with 
differentiation  (80). 

The  phenomenon  of  dual  effects  resulting  from  the  stimulation  of  Ras  signalling 
pathways  has  precedent  in  biology,  as  exemplified  by  events  in  embryogenesis  (81).  Defining 
how  bFGF  inhibits  some  breast  cancer  cells  while  stimulating  other  cell  types  will  contribute 
to  understanding  the  control  of  the  malignant  cell  cycle  by  growth  factors. 
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BODY 


Positive  and  negative  signals  modulate  G,  cvclins.  cdk’s  and  their  inhibitors 

A.  Mitogenic  events 

Although  we  found  bFGF  to  be  inhibitory  in  out  previous  work,  it  activated  the  mitogen 
activated  pathway  in  these  cells.  Figure  1  shows  anti-phosphotyrosine  antibody  immunoblots 
of  immunoprecipitated  ERK2  (MAP  kinase)  from  MCF-7  cells  treated  with  increasing  doses 
of  bFGF  (ng/ml)  for  15  minutes  (A)  or  with  10  ng/ml  bFGF  for  variable  times  (B).  Activation 
of  the  pathway  is  observed  by  2  minutes  of  exposure,  but  the  signal  diminishes  to  low  levels 
by  24  hours,  although  it  remains  present.  To  determine  if  the  inhibitory  signal  is  mediated 
through  the  protein  kinase  C  (PKC)  part  of  the  pathway,  PKC  was  depleted  by  a  24  hour 
incubation  with  PMA  200  nM  or  inhibited  (nonspecifically)  with  H7.  Significant  inhibition  of 
thymidine  uptake  by  these  two  interventions  was  further  accentuated  by  addition  of  500  pg/ml 
bFGF,  suggesting  that  the  negative  bFGF  signal  transduction  is  not  mediated  through  PKC. 

We  studied  the  effects  of  bFGF  on  cyclins,  cyclin-dependent  kinases  and  Rb,  which 
govern  the  passage  of  cells  from  the  G,  to  the  S  phase  of  the  cell  cycle,  in  order  to  understand 
the  effect  we  were  observing.  In  a  bFGF  dose-dependent  manner  in  log  phase  MCF-7  cells, 
24  hours  after  the  addition  of  bFGF  there  was  an  increase  in  cyclin  Dj,  cdk4  and  cyclin  E,  as 
determined  by  Western  immunoblots  (figure  1C).  These  initial  data  demonstrated  a  bFGF- 
induced  stimulatory  signal  mediated  through  the  mitogen  activated  pathway  which  did  not 
account  for  the  inhibitory  phenotype. 
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Figure  1.  Mitogenic  events.  Anti-phosphotyrosine  immunostained  Western  blots  of  anti-ERK2 
immuno-precipitates  from  MCF-7  cells  treated  with  increasing  doses  of  bFGF  or  with  100  nM 
PMA  for  15  minutes  (A)  or  from  cells  treated  with  10  ng/ml  bFGF  for  varying  times  (B).  C. 
Western  immunoblots  with  antibodies  to  cyclins  Dj,  E  and  cdk4  of  lysates  prepared  from  MCF- 
7  cells  treated  with  bFGF  10  ng/ml  for  24  hours. 

8 


WIEDER,  ROBERT 


B.  Tnhihitorv  events 

Cyclin  A  levels  were  decreased  by  bFGF,  correlating  with  a  decreased  S  phase  cell 
fraction  (figure  2A).  Absolute  levels  of  cdk2  were  unaffected,  but  the  faster  migrating,  active 
form  of  cdk2  (82)  disappeared  in  a  bFGF  dose-dependent  manner.  Retinoblastoma  protein 
converted  from  its  inactive,  slower  migrating  hyperphosphorylated  form  to  its  unphosphorylated 
form  upon  addition  of  bFGF  in  a  dose  dependent  marmer.  These  data  were  suggestive  of  the 
induction  of  an  inhibitor  which  would  account  for  the  phenotypic  data. 

To  assay  for  an  inhibitory  effect  on  catalytic  activity,  we  carried  out  kinase  assays  with 
immunoprecipitated  cyclin/cdk  complexes  from  bFGF-treated  cells.  Immunoprecipitated  cyclin 
A/cdk  complexes  from  bFGF  treated  MCF-7  cells  (10  ng/ml  for  24  hours)  had  less  capacity 
to  phosphorylate  histone  HI  than  vmtreated  controls,  and  lysates  were  inhibitory  when  added 
to  cdk/cyclin  complexes  obtained  from  MvlLu  mink  epithelial  cells  (83)  as  compared  to 
control  lysates  (figure  2B,  +  /-  bFGF).  Control  lane  shows  background  histone  HI 
phosphorylation  by  unreconstituted  MvlLu  cell  lysates,  and  the  cyclin  lane  shows  HI 
phosphorylation  by  cyclin  A-reconstituted  MvlLu  cell  lysates.  The  data  were  similar  with 
cyclin  E  reconstituted  complexes.  We  found  that  the  cyclin  kinase  inhibitor  protein 

was  induced  by  bFGF  in  a  dose  and  time  (figure  2C)  dependent  manner  by  bFGF,  as  was  the 
p2jWAFi/cipi  (jjot  shown).  To  determine  if  p21  induction  was  a  cause  and  not  an  effect 

of  Gi  arrest,  cells  were  restricted  to  G,  to  the  same  degree  by  aphidicolin  5  pg/ml  for  24  hours 
as  by  10  ng/ml  bFGF,  but  no  induction  of  p21  was  evident  on  Western  blot  except  by  bFGF 
(figure  2D). 

To  determine  if  induction  of  p21  by  bFGF  was  a  direct  effect,  not  specific  to  the  G, 
phase,  cycle-independent  induction  of  p21  by  bFGF  was  demonstrated  (figure  3).  Cells  were 
G,  arrested  by  aphidicolin  for  24  hours,  then  released  and  either  treated  or  not  treated  by  bFGF 
after  two  hours.  Cell  cycle  distribution  and  the  p21  content  of  cellular  lysates  on  Western  blots 
were  determined  every  two  hours  until  six  hours  after  bFGF  treatment.  This  experiment 
suggested  that  bFGF  can  induce  the  accumulation  of  in  S  phase,  demonstrating  that 

p21  induction  by  bFGF  is  not  specifically  a  G,  phenomenon. 

The  transcription  of  is  induced  by  wild  type  p53  in  many  cell  types. 

Preliminary  determination  by  sequencing  of  PCR  products  demonstrated  that  p53  is  wild  type 
in  this  cell  line.  There  was  no  modulation  of  p53  levels  by  24  hours  of  bFGF  stimulation  on 
Western  blots  of  total  cellular  lysates. 

To  determine  what  effects  the  induction  of  cyclin  D,,  cdk4,  cyclin  E  and 
along  with  the  decrease  in  cyclin  A,  inactivation  of  cdk2  and  dephosphorylation  of  Rb  had  on 
the  cyclin/cdk  complexes,  co-immunoprecipitation  experiments  were  carried  out  with  antibodies 
to  the  three  cyclins,  to  cdk  4  and  2,  to  Rb  and  to  p21.  The  immunoprecipitated  complexes  were 
electrophoresed  in  an  SDS  polyacrylamide  gel,  transblotted  to  PVDF  paper  and  immunostained 
with  antibodies  to  cyclin  Dj,  cdk2,  cdk4  and  Rb  (figure  4).  The  blots  confirmed  that  there  was 
an  absolute  increase  in  total  cyclin  D,  and  cdk4,  and  that  the  total  Rb  was  dephosphorylated 
and  cdk2  was  inactivated.  There  was  an  increase  in  the  association  of  cdk4  and  cyclin  Dj  with 
the  complexes,  probably  due  to  the  increased  levels  of  cyclin  D,.  There  was  an  increase  in  the 
association  of  inactive  cdk2  with  the  complex  and  in  the  association  of  the  dephosphorylated 
form  of  Rb  with  the  complex.  association  with  both  cdk4-  and  cdk2-containing 

complexes  was  markedly  elevated  in  cells  treated  with  bFGF.  This  would  account  for  the 
inactivation  of  cdk2  and  for  the  dephosphorylation  of  pRB  due  to  inactivation  of  cyclin  D/cdk4 
complexes  and  inhibition  of  histone  HI  phosphorylation  by  cyclins  E/  or  A/cdk  complexes.  Co- 
immunoprecipitation  experiments  with  ^^S-labeled  cells  confirmed  these  data.  These 
experiments  demonstrate  that  one  mechanism  of  inhibiting  cell  cycle  progression  by  bFGF  in 
MCF-7  cells  is  direct  induction  of  in  a  cycle-independent  maimer,  resulting  in  its 

increased  association  with  cdk4-  and  cdk2-containing  complexes,  inactivation  of  cdk2  and 
dephosphorylation  of  Rb. 
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Figure  2.  Tnhihitnrv  events.  A.  Western  immunoblots  with  antibodies  to  cyclin  A,  cdk2  and  Rb  of  lysates 
prepared  from  MCF-7  cells  treated  with  bFGF  10  ng/ml  for  24  hours.  B.  In  vitro  kinase  assay  of  histone 
HI  substrate  by  lysates  from  MvLu  mink  lung  epithelial  cells  (Ctr),  cells  in  which  cyclin  /cdk  complexes 
were  reconstituted  by  addition  of  exogenous  recombinant  cyclin  A  (Cyclin  A)  and  reconstituted  mink  cyclin 
complexes  to  which  were  added  lysates  from  MCF-7  cells  treated  with  bFGF  10  ng/ml  for  24  hours  (+)  or 
not  treated  with  bFGF  (-).  C.  Western  immunoblots  with  antibodies  to  of  lysates  prepared  from 

MCF-7  cells  treated  with  variable  doses  of  bFGF  for  24  hours  or  with  bFGF  10  ng/ml  for  variable  times. 
D.  Western  immunoblot  of  lysates  from  MCF-7  cells  treated  with  media  alone  (Ctrl)  bFGF  10  ng/ml  or 
aphidicolin  5  pg/ml  for  24  hours. 
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Figure  3.  G, -independent  induction  of  bv  bFGF.  Rapidly  proliferating  MCF-7  cells  were  cycle 

arrested  in  G1  with  5  pg/ml  aphidicolin,  released  for  two  hours,  and  incubated  with  media  alone  or  with 
bFGF  10  ng/ml  for  another  22  hours.  Cell  cycle  status  was  determined  every  two  hours  for  three 
measurements  after  addition  of  media  or  bFGF,  and  simultaneous  cell  lysates  were  prepared  for  Western 
immunoblots  for  bFGF.  Control  cells  which  were  not  cycle  arrested  were  also  assayed  for  p21  on  Western. 
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Figure  4.  Basic  FGF  induced-p21^^^^^*^^’  associates  with  Gj  cyclin  complexes,  inactive  cc[k2  and 
unphosphorvlated  Rb.  Coimmunoprecipitation  experiments  with  antibodies  to  Cyclins  A,  E,  D„  cdk’s  4  and 
2,  Rb  and  in  rapidly  growing  MCF-7  cells  treated  with  10  ng/ml  bFGF  or  media  alone  for  24 

hours,  immunostained  with  antibodies  to  Cyclins  A,  E,  and  Dj,  cdk’s  4  and  2  and  Rb  (p21  co-migrates  with 
the  Ig  light  chain)  and  visualized  using  the  ECL  system  (Amersham). 

Basic  FGF  inhibits  other  breast  cancer  cell  lines 

We  found  that  bFGF  inhibited  proliferation  of  other  mammary  cell  lines  which  did  not  contain 
measurable  intracellular  levels  of  bFGF,  including  three  MCF-7  lines  reported  to  be  stimulated  by  bFGF  in 
serum-free  conditions  (25-27)  (Table  1;  shown  are  day  7  cells  numbers  with  FGF  as  a  percent  of  vmtreated). 
We  also  found  that  cell  lines  containing  18,  22  and  24  kD  moieties  of  bFGF  were  not  affected  by  exogenous 
bFGF  (MDA-MB-436  inhibition  was  marginally  significant).  These  results  suggest  that  our  findings  are  not 
unique  to  MCF-7  cells,  and  that  intracellular  bFGF  levels  modulate  the  response  of  cells  to  exogenous 
bFGF. 


Table  1.  Response  to  bFGF  in  mammary  cell  lines  negatively  correlates  with  bFGF  content 


Cells  Endog.  bFGF 

cell#  r%  Ctrl') 

E 

MCF-7 

- 

8.3 

<  0.0005 

MCF-7(L)(30) 

- 

21.8 

<  0.005 

MCF-7(P)(29) 

- 

19.0 

<  0.0025 

MCF-7(R)(28) 

- 

55.8 

<  0.0025 

MDA-MB-134 

- 

44.2 

<  0.005 

MDA-MB-231 

- 

84.2 

>  0.05 

MDA-MB-453 

- 

32.6 

<  0.05 

T47D 

- 

23.3 

<  0.025 

Cells  Endog.  bFGF  cell#  (%>  Ctrl.)  p 


MDA-MB-435 

+ 

116.1 

>  0.05 

MDA-MB-436 

+ 

71.9 

<  0.05 

MCF-10 

+ 

129.7 

>  0.05 

MCF-12 

+ 

93.0 

>  0.05 
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Different  moieties  of  bFGF  expressed  in  MCF-7  cells  modulate  inhibition  through 
different  pathways 

The  association  of  a  different  response  of  mammary-derived  cell  lines  to  exogenous  18 
kD  bFGF  with  their  intracellular  bFGF  content  suggests  an  important  regulatory  role  for 
intracellular  bFGF  in  breast  cancer  cells.  We  constructed  MCF-7-based  cell  lines  expressing 
the  18  kD  (AA),  the  18  and  22  kD  (AS)  or  the  18,22  and  24  kD  (NCF)  bFGF  moieties  using 
retroviral  transduction  with  a  series  of  N2-based  (84)  vectors  (figure  5 A)  packaged  using  the 
amphotropic  cell  line  G+P-envAml2  (85)  as  described  (86).  Cells  contained  intact  vectors  on 
Southern  blots,  expressed  high  levels  of  bFGF  by  ELISA  which  were  bioactive  (87)  and 
expressed  the  expected  bands  on  Western  blot  (figure  5B).  The  22  and  24  kD  moieties  in  NCF 
and  AS  localized  in  the  nucleus  in  fractionation  experiments,  as  predicted  (17)  (figure  5C).  The 
cells  secreted  all  moieties  of  bFGF,  as  shown  by  2  M  NaCl  washes  and  10%  trichloroacetic 
acid  (TCA)  precipitated  proteins  on  a  Western  blot  (figure  6),  contradicting  observations  with 
NIH  3T3  cells  (24).  However,  NIH  3T3  cells  expressing  bFGF  from  the  NCF  vector 
preferentially  secreted  the  18  kD  moiety,  in  agreement  with  Bikfalvi,  et  al.’s  findings.  The 
secretion  of  bFGF  into  the  media  were  measurable  after  2  days  with  a  Quantikine  ELISA  kit, 
representing  a  fraction  of  the  secreted  bFGF  which  leached  from  the  surface  proteoglycans. 
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Figure  5.  Overexpression  and  nuclear  localization  of  bFGF  in  MCF-7  cells.  A.  N2-  based  retroviral  vectors 
expressing  the  18  kD  (AA),  the  18  and  22  kD  (AS)  or  the  18,22  and  24  kD  (NCF)  bFGF  moieties.  B. 
Western  immunoblot  of  lysates  from  MCF-7  cells  containing  bFGF  vector  constructs  and  of  18  kD 
recombinant  human  bFGF  using  anti-bFGF  rabbit  IgG  antibody.  C.  Subcellular  fractionation  of  MCF-7  cell 
constructs  depicting  nuclear  localization  of  the  22  and  24  kD  bFGF  moieties. 


BASIC  FGF  CONTENT  OF  CELLULAR  LYSATES  AND  CONDITIONED  MEDIA 
MCF-7/N2  MCF-7/NCF  MCF-7/AA 


pg  bFGF/10*  cells  1.4  +  0.1  428.3  +  8.0  893.1  +  9.1 

pg  bFGF/ml  c.m.‘ @  24  hrs  1.4 +  0.4  2.6  ±0.2  2.8  ±0.2 

pg  bFGF/ml  c.m.>  ®  48  hrs  1.4  ±0.2  7.2  ±0.3  9.8  ±0.1 


‘conditioned  media 


NaCl  wash  Lysates 


Table  2.  Basic  FGF  content  of  lysates  and  conditioned  serum-free  media  after  24  and  48  hours  of  incubation 
as  measured  with  a  Quantikine  Elisa  kit  (R&D  Systems,  Miimeapolis,  MN). 

Figure  6.  MCF-7  eells  secrete  both  cytoplasmic  and  nuclear  bFGF  moieties.  Western  immunoblot  of  TCA 
precipitated  2  M  NaCl  washes  of  confluent  cells  incubated  with  serum-free  media  for  48  hours  compared 
with  100  pg  of  protein  from  cellular  lysates  from  the  MCF-7  constructs. 
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Figure  7. 


Figure  8. 


Figure  7.  Overexpression  of  different  bFGF  moieties  in  MCF-7  cells  modulates  growth  and  response  to 
exogenous  bFGF.  Cell  proliferation  kinetics  demonstrating  growth  inhibition  by  expression  of  AA  and  NCF 
in  MCF-7  cells  compared  to  N2-transduced  controls.  N2-  and  AA-transduced  cells  were  inhibited  by 
exogenous  18  kD  bFGF  but  NCF -transduced  cells  were  affected  minimally. 

Figure  8.  Binding  of  18  kP  bFGF  to  MCF-7  cells  is  modulated  by  endogenously  overexpressed  bFGF 
moieties.  Relative  specific  binding  of  ’^^I-bFGF  to  MCF-7/AA  and  MCF-7/NCF  cells  is  presented  as  a 
percentage  of  binding  to  MCF-7/N2  cells. 
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Figure  9.  Overexpression  of  22  and  24  kP  bFGF  but  not  18  kP  in  MCF-7  cells  inhibits  MAP  kinase 
activation  by  exogenous  bFGF  but  not  by  PMA.  Anti-ERK2  and  anti-phosphotyrosine  immunostained 
Western  blots  of  anti-ERK2  immunoprecipitated  lysates  from  MCF-7/N2,  MCF-7/AA  and  MCF-7/NCF  cells 
which  were  treated  for  15  minutes  with  variable  concentrations  of  bFGF  or  100  nM  PMA. 
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Expression  of  the  AA  and  NCF  veetors  in  MCF-7  cells  inhibited  their  proliferative  capacity  compared 
with  N2  controls  (figure  7)  and  arrested  the  cells  in  G,  (not  shown).  Exogenous  bFGF  500  pg/ml  decreased 
proliferation  of  MCF-7/N2  controls  and  further  decreased  the  growth  rate  of  MCF-7/AA  cells,  but  only  had 
a  marginal  effect  in  MCF-7/NCF  cells.  The  data  were  similar  with  ^H-thymidine  incorporation  experiments. 
To  understand  the  mechanism  for  lack  of  response  to  exogenous  bFGF  by  cells  expressing  nuclear  localizing 
bFGF  species,  we  undertook  binding  studies  with  ’^T-labeled  18  kD  bFGF.  While  Scatchard  analysis 
demonstrated  a  binding  constant  of  137  +  112  pM  with  an  estimated  number  of  binding  sites  of  2606  +  363 
per  MCF-7/N2  cell,  Scatchard  analysis  could  not  be  carried  out  with  MCF-7/ AA  or  MCF-7/NCF  cells  due 
to  decreased  specific  binding.  We  report  in  figure  8  a  decreased  relative  specific  binding  by  '^^I-labeled  18 
kD  bFGF  in  these  two  cell  types,  with  a  greater  inhibition  in  cells  secreting  nuclear-localizing  bFGF 
moieties.  Signal  transduction  through  the  mitogen  activated  pathway  was  investigated.  Whereas  MCF-7/N2 
cells  respond  to  bFGF  by  phosphorylating  MAP  kinase  (figure  9),  MCF-7/NCF  cells  do  not  constitutively 
phosphorylate  MAP  kinase,  nor  can  they  do  so  in  response  to  exogenous  18  kD  bFGF.  However  both  PMA 
and  insulin  (not  shown)  phosphorylate  MAP  kinase  in  MCF-7/NCF  cells,  suggesting  that  only  FGF  receptor- 
mediated  pathways  are  inhibited.  MCF-7/AA  cells  constitutively  phosphorylate  MAP  kinase,  and  do  not 
incrementally  increase  the  level  of  phosphorylation  in  response  to  exogenous  18  kD  bFGF. 
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Figure  10.  Effects  of  overexpressing  bFGF  in  MCF-7  cells  on  G^  cvclins.  cvclin  kinases,  their  inhibitors  and 
cyclin  kinase  inhibitory  activity.  A.  Western  immunoblot  of  cellular  lysates  from  MCF-7,  MCF-7/N2,  MCF- 
7/NCF  and  MCF-7/NCF  cells  treated  with  10  ng  bFGF  for  24  hours  stained  with  antibodies  to  Cyclins  D„ 
E  and  A,  cdk’s  2  and  4,  and  pRb,  demonstrating  no  significant  modulation  of  the  levels  or  active 

states  of  these  proteins,  as  described  earlier.  B  In  vitro  kinase  assay  of  HI  phosphorylation,  as  described  in 
figure  2,  depicting  inhibitory  activity  in  lysates  of  MCF-7  and  MCF-7/N2  cells  treated  with  bFGF  10  ng/ml 
for  24  hours  and  in  MCF-7/NCF  cells.  C.  Western  immunoblot  of  lysates  from  MCF-7/N2,  /AA  and  /NCF 
cells  treated  with  media  or  bFGF  10  ng/ml  for  24  hours,  stained  with  antibodies  to  p21^^’^^^\  pl6°^''  and 
p27kipi,  (depicting  constitutive  upregulation  of  p27  levels  in  MCF-7/NCF  cells. 
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Investigating  mechanisms  of  cycle  arrest  in  MCF-7/NCF  cells  revealed  that  endogenous  expression 
of  cytoplasmic  and  nuclear-localizing  bFGF  moieties  together  had  no  effect  on  levels  of  cyclins  Dj,  E  or 
A,  cdk’s  2  or  4,  or  pRb  (figure  lOA).  In  addition,  cdk2  was  not  inactivated,  and  in  fact,  was 

probably  activated,  and  Rb  was  not  dephosphorylated.  Exogenous  18  kD  bFGF  had  no  effect  in  these  cells. 
The  presence  of  an  inhibitor  was  demonstrated  in  the  in  vitro  kinase  assay  described  earlier  and  is  shown 
in  figure  lOB.  Assays  for  levels  of  known  G,  cdk  inhibitors  by  Western  immimoblot  showed  that 
and  plb®”^"*  levels  were  not  affected  constitutively,  nor  were  they  modulated  by  exogenous  18  kD  bFGF 
(figure  IOC).  The  levels  of  p27’'‘'’'  were  however,  elevated  constitutively,  but  did  not  respond  to  exogenous 
18  kD  bFGF.  These  results  were  congruous  with  our  previous  findings  that  transforming  growth  factor 
(TGF)P  levels  were  elevated  in  these  cells  (not  shown)  and  TGFP  modulates  expression  of  p27’^''’'  (83). 

Published  studies  have  shown  that  FGFR4  expressed  in  cells  lacking  FGF  receptors  is  incapable  of 
signalling  the  activation  of  MAP  kinase  upon  stimulation  with  FGF  (56).  We  determined  the  content  of  the 
four  FGF  receptors  in  cellular  lysates  and  membrane  preparations  obtained  by  subcellular  fractionation  (17) 
of  the  FGF-producing  and  control  cells  using  Western  immunoblots  with  commercial  antibodies  (figure  11). 
We  demonstrated,  in  duplicate  experiments,  a  lack  of  difference  in  the  relative  quantity  of  any  of  the  four 
receptors  among  the  three  cell  types.  We  also  showed  a  decreased  amount  of  FGFR4  associated  with  the 
membrane  fraction  in  MCF-7/NCF  cells.  To  complement  this  finding,  we  determined  the  heterodimerization 
pattern  of  the  four  FGF  receptors  with  FGFRl.  Figure  12  shows  that  MCF-7/NCF  cells  lack  tyrosine 
phosphorylation  in  one  of  the  four  receptors  associated  with  receptor  1  not  identifyable  from  this 
experiment.  The  experiment  clearly  demonstrates,  however,  that  there  is  a  constitutive  heterodimerization 
of  FGFR4  with  FGFRl  in  MCF-7/NCF  cells  which  is  not  modulated  by  exogenous  18  kD  bFGF.  In  MCF- 
7/N2  cells  FGFRl  heterodimerizes  with  all  of  the  other  three  receptors  upon  addition  of  18  kD  bFGF. 


Membranes  Lysates  Membranes  Lysates  Membranes  Lysates  Membranes  Lysates 


FGFRl  FGFR2  FGFR3  FGFR4 

Figure  11.  Downmodulation  of  membrane-associated  FGFR4  in  cells  expressing  and  secreting  both  nuclear 
and  cytoplasmic  bFGF  moieties.  Western  immunoblots  of  total  cellular  lysates  from  the  FGF-expressing  and 
control  cells  and  of  TCA  precipitated  protein  from  membrane  preparations  obtained  from  subcellular 
fractionation  of  the  same  cells. 
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Figure  12.  Preferential  heterodimerization  of  FGFRl  with  FGFR4  in  cells  expressing  nuclear-localizing 
bFGF  moieties.  Western  immunoblots  of  immunoprecipitates  of  FGF  receptors  1-4  from  FGF-producing  and 
control  MCF-7  cell  constructs  imunostained  with  antibodies  to  phosphotyrosine  and  FGF  receptors  1-4. 
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Conclusions  and  significance 

These  preliminary  data  support  our  hypothesis  that  the  18  kD  bFGF  moiety  aetivates 
more  than  one  signal  pathway  upon  binding  to  high-affinity  receptors.  One  of  those  pathways 
is  the  mitogen  activated  pathway  through  MAP  kinase,  Gj  cyclins  Dj  and  E  and  cdk4  causing 
cycle  activation.  Another  pathway,  deviating  from  the  previous  one  at  an  unknown  point, 
induces  the  cell  cycle  inhibitor  and  induces  cdk2  inactivation  and  Rb 

dephosphorylation  through  increased  association  with  cyclin  complexes,  causing  cell  cycle 
arrest  in  G,. 

Higher  molecular  weight  forms  of  bFGF  probably  bind  a  different  set  of  FGF  receptors 
with  different  affinities,  although  such  hypotheses  are  without  definitive  experimental  proof. 
These  moieties  do  cause  preferential  heterodimerization  of  FGFR4  with  FGFRl  and 
internalization  of  receptor  4.  These  molecules  do  not  stimulate  the  MAP  kinase  stimulatory 
pathway  because  FGFR4  acts  as  a  "dominant  negative"  in  the  activation  of  MAP  kinase. 
Consequently,  G,  cyclins  are  not  induced  by  the  mitogenic  pathway.  p21 is  also  not 
induced  by  these  moieties,  but  p27 is  induced,  probably  secondary  to  TGFP  induction.  Cells 
expressing  only  the  18  kD  moiety  constitutively  phosphorylated  MAP  kinase  to  a  low  level, 
and  were  not  able  to  upregulate  phosphorylation  with  addition  of  exogenous  bFGF.  This 
phenomenon  was  probably  due  to  downregulation  of  MAP  kinase  activation,  as  occurs  after 
24  hours  of  exposure  by  exogenous  bFGF  (figure  IB).  This  downmodulation  is  also  probably 
mediated  by  TGFp,  at  least  partially,  because  antibody  to  TGFp  increases  the  24  hour  bFGF 
induced  phosphorylation  of  pp42"’‘‘'’’‘  (data  not  shown).  Exogenous  bFGF  does  induce  increased 
levels  of  p2l''^A*''^c“’*  in  cells  overexpressing  18  kD  bFGF,  suggesting  that  the  pathway  to  its 
induction  diverges  before  MAP  kinase  in  the  signal  cascade.  These  conclusions  are  only 
possible  scenarios  which  can  be  deduced  from  the  data,  as  the  high  molecular  weight  moieties 
were  expressed  intracellularly,  localized  to  the  nucleus  and  may  have  used  alternate  signalling 
paths  not  involving  receptors.  Similarly,  the  18  kD  moiety  expressed  intracellularly  may  use 
direct  cytoplasmic  signal  pathways  not  involving  cellular  receptors. 

MCF-7  cells  transduced  with  both  cytoplasmic  and  nuclear  bFGF  moieties  secrete  both 
FGF  types.  The  higher  molecular  weight  bFGF  inhibits  binding  of  18  kD  exogenous  bFGF  to 
cellular  receptors,  probably  through  noncompetitive  inhibition,  while  in  cells  expressing  the  18 
kd  moiety,  inhibition  of  binding  is  competitive.  These  hypotheses  will  only  be  proven  with 
competition  experiments  between  the  moieties.  In  addition,  these  data  may  also  have  broader 
significance,  as  other,  naturally  occurring  mammary-derived  cell  lines  are  also  inhibited  by 
bFGF,  and  their  response  appears  to  correlate  negatively  with  their  intracellular  content  of  both 
cytoplasmic  and  nuclear-localizing  bFGF  moieties. 

A  number  of  manuscripts  describing  these  preliminary  data  are  in  preparation  and  will 
be  submitted  for  publication  in  the  next  several  months. 

Future  work  will  address  the  mechanisms  through  which  bFGF  mediates  signalling 
towards  induction  of  p21''''^^*^^“’',  from  the  four  FGF  receptors  through  various  divergent 
signalling  paths.  Cells  lacking  FGF  receptors  will  be  transfected  with  each  of  the  four  receptors 
individually  and  in  pairs  to  determine  the  receptor  combinations  transmitting  the  inhibitory 
signal.  Signal  pathways  will  be  interrupted  by  dominant  negative  expression  vectors  for  Ras, 
Raf-1  and  MAP  kinase  to  determine  the  pathway  to  induction  of  the  inhibitory  signal. 


16 


WIEDER,  ROBERT 


REFERENCES 

1.  Folkman  J.  The  role  of  angiogenesis  in  tumor  growth.  (1992)  Cancer  Biology  3:  65-71. 

2.  Kandel  J,  Bossy-Wetzel  E,  Radvanyi  F,  Klagsbrun  M,  Folkman  J,  Hanahan  D. 
Neovascularization  is  associated  with  a  switch  to  the  export  of  bFGF  in  the  multistep 
development  of  fibrosarcoma.  (1991)  Cell  66:1095-1104. 

3.  Gomm  JJ,  Smith  J,  Ryall  GK,  Bailie  R,  Turnbull  L,  Coombes  RC.  Localization  of  basic 
fibroblast  growth  factor  and  transforming  growth  factor  pi  in  the  human  mammary  gland. 
(1991)  Cancer  Res.  51:  4685-4692. 

4.  Rapraeger  AC,  Krufka  A,  Olwin  BB.  Requirement  of  heparan  sulfate  for  bFGF-mediated 
fibroblast  growth  and  myoblast  differentiation.  (1991)  Science  252:  1705-1708. 

5.  Burgess  WH,  Maciag  T.  The  heparin-binding  (fibroblast)  growth  factor  family  of  proteins. 
(1989)  Annu.  Rev.  Biochem.,  58:  575-606. 

6.  Gospodarowicz  D.  Fibroblast  growth  factor.  (1989)  Critical  reviews  in  Oncogenesis  1:1-26. 

7.  Gabbianelli  M,  Sargiacomo  M,  Pelosi  E,  Testa  U,  Isacchi  G,  Peschle  C.  "Pure" 
hematopoietic  progenitors:  Permissive  action  of  basic  fibroblast  growth  factor.  (1990)  Science 
249-251. 

8.  Wilson  EL,  Rifkin  DB,  Kelly,  Hannocks  M-J,  Gabrilove  JL.  Basic  fibroblast  growth  factor 
stimulates  myelopoiesis  in  long-term  human  bone  marrow  cultures.  (1991)  Blood  77:954-960. 

9.  Partamen  J,  Makela  TP,  Alitalo  R,  Lehvaslaiho  H,  Alitalo  K.  Putative  tyrosine  kinases 
expressed  in  K-562  human  leukemia  cells.  (1990)  Proc.  Natl.  Acad.  Sci.  USA  87:8913-8917. 

10.  Keegan  K,  Johnson  DE,  Williams  LT,  Hayman  MJ.  Isolation  of  an  additional  member  of 
the  fibroblast  growth  factor  receptor  family,  FGFR-3.  (1991)  Proc.  Natl.  Acad.  Sci.  USA 
88:1095-1099. 

11.  Armstrong  E,  Vainikka  S,  Partanen  J,  Korhonen  J,  Alitalo  R.  Expression  of  fibroblast 
growth  factor  receptor  in  human  leukemia  cells.  (1992)  Cancer  Research  52:2004-2007. 

12.  Katoh  O,  Yutaka  H,  Sato  T,  Kimura  A,  Kuramoto  A,  Sugimura  T,  Terada  M.  Expression 
of  the  Heparin-binding  growth  factor  receptor  genes  in  human  megakaryocytic  leukemia  cells. 
(1992)  Biochem.  Biophys.  Res.  Comm.  183:83-92. 

13.  Miyamoto  M,  Naruo  K,  Seko  C,  Matsumoto  S,  Kondo  T  and  Kurokawa  T.  (1993) 
Molecular  cloning  of  a  novel  cytokine  cDNA  encoding  the  ninth  member  of  the  fibroblast 
growth  factor  family,  which  has  a  unique  secretion  property.  Molecular  and  Cellular  Biology 
13:4251-4259. 

14.  Mason  IJ.  (1994)  The  ins  and  outs  of  fibroblast  growth  factors.  Cell  78:547-552. 

15.  Prats  H,  Kaghad  M,  Prats  AC,  Klagsbrun  M,  Lelias  JM,  Liauzun  P,  Chalon  P,  Tauber  IP, 
Amalric  F,  Smith  JA,  Caput  D.  High  molecular  mass  forms  of  basic  fibroblast  growth  factor 
are  initiated  by  alternative  CUG  codons.  (1989)  Proc.  Natl.  Acad.  Sci.  USA  86:  1836-1840. 

16.  Bugler  B,  Amalric  F,  Prats  H.  Alternative  initiation  of  translation  determines  cytoplasmic 
or  nuclear  localization  of  basic  fibroblast  growth  factor.  (1991)  Molecular  and  Cellular  Biology 
11:  573-577. 

17.  Renko  M,  Quatro  N,  Rifkin  DB.  Nuclear  and  cytoplasmic  localization  of  different  basic 
fibroblast  growth  factor  species.  (1990)  J.  Cell.  Phys.  144:  108-114. 

18.  Quarto  N,  Finger  FP  and  Rifkin  DB.  (1991)  The  NHj-Terminal  extension  of  high 
molecular  weight  bFGF  is  a  nuclear  targeting  signal.  Journal  of  Cellular  Physiology  147:311- 
318. 

19.  Coudrec  B,  Prats  H,  Bayard  F,  Amalric  F.  Potential  oncogenic  effects  of  basic  fibroblast 
growth  factor  requires  cooperation  between  CUG  and  AUG-initiated  forms.  (1991)  Cell 
Regulation  2:  709-718. 

20.  Bouche  G,  Gas  N,  Prats  H,  Baldin  V,  Tauber  J-P,  Teissie  J,  Amalric  F.  Basic  fibroblast 
growth  factor  enters  the  nucleolus  and  stimulates  the  transcription  of  ribosomal  genes  in  ABAE 
cells  undergoing  Go->Gi  transition.  (1987)  Proc.  Natl.  Acad.  Sci.  USA  84:  6770-6774. 

21.  Blam  SB,  Mitchell  R,  Tischer  E,  Rubin  JS,  Silva  M,  Silver  S,  Fiddes  FC,  Abraham  JA, 


17 


WIEDER,  ROBERT 


Aaronson  SA.  Addition  of  growth  hormone  secretion  signal  to  basic  fibroblast  growth  factor 
results  in  cell  transformation  and  secretion  of  aberrant  forms  of  the  protein.  (1988)  Oncogene 
3:  129-136. 

22.  Rogelj  S,  Weinberg  RA,  Fanning  P,  Klagsbrun  M.  Basic  fibroblast  growth  factor  fused 
to  a  signal  peptide  transforms  cells.  (1988)  Nature  331:  173-175. 

23.  Quarto  N,  Talarico  D,  Sommer  A,  Florkiewitz  R,  Basilico  C,  Rifkin  DB.  Transformation 
by  basic  fibroblast  growth  factor  requires  high  levels  of  expression:  comparison  with 
transformation  by  hst/K-fgf  (1989)  Oncogene  research  5:101-110. 

24.  Bikfalvi  A,  Klein  S,  Pintucci  G,  Quarto  N,  Mignatti  P,  and  Rifkin  DB.  Differential 
Modulation  of  cell  phentotype  by  different  molecular  weight  forms  of  basic  fibroblast  growth 
factor:  Possible  intracellular  signaling  by  the  high  molecular  weight  forms.  (1995)  The  Journal 
of  Cell  Biology.  129:233-243. 

25.  Briozzo  P.,  J.  Badet,  F.  Capony,  I.  Fieri,  P.  Montcourrier,  D.  Barritault,  and  Rochefort  H. 
1991.  MCF7  mammary  cancer  cells  respond  to  bFGF  and  internalize  it  following  its  release 
from  extracellular  matrix:  a  permissive  role  of  Cathepsin  D.  Exp.  Cell  Res.  194:252-259. 

26.  Peyrat  J.-P.,  J.  Boimeterre,  H.  Hondermarck,  B.  Hecquet,  A.  Adenis,  M.  M.  Louchez,  J. 
Lefebre,  B.  Boilly,  and  A.  Demaille.  1992.  Basic  fibroblast  growth  factor  (bFGF)  mitogenic 
activity  and  binding  sites  in  human  breast  cancer.  J.  Steroid  Biochem.  Molec.  Biol.  43:87-94. 

27.  McLeskey  SW,  Ding  lY,  Lippman  ME,  and  Kern  FG.  (1994)  MDA-MB-134  breast 
carcinoma  cells  overexpress  fibroblast  growth  factor  (FGF)  receptors  and  are  growth-inhibited 
by  FGF  ligands.  Cancer  Res.  54:523-30. 

28.  Karey  K.P.,  and  D.  A.  Sirbasku.  1988.  Differential  responsiveness  of  human  breast  cancer 
cell  lines  MCF-7  and  T47D  to  growth  factors  and  17p-estradiol.  Cancer  Res.  48:4083-4092. 

29.  Schweigerer  L.,  G.  Neufeld,  and  D.  Gospodarowicz.  1987.  Basic  fibroblast  growth  factor 
as  a  growth  inhibitor  for  cultured  human  tumor  cells.  J.  Clin.  Invest.  80:  1516-1520. 

30.  Fenig  E,  Yahalom  Y,  Wieder  R,  Fuks  Z,  Haimovitz-Friedman  A.  (1994)  Basic  fibroblast 
growth  factor  inhibits  the  growth  of  human  breast  cancer  cells.  Proc.  American  Assoc.  Cancer 
Res.  35:35. 

31.  Finnigan  KJ,  Fenig  E,  Wang  H,  Maloof  P,  Yahalom  J,  Wieder  R.  (1995)  Growth 
inhibition  of  mammary  epithelial  cell  lines  by  exogenous  bFGF  is  affected  by  their  intrinsic 
bFGF  content.  Proc.Am.Soc.Clin.Onc.  14:133,  #230 

32.  Givol  D  and  Yayon  A.  (1992)  Complexity  of  FGF  receptors:  genetic  basic  for  structural 
diversity  and  functional  specificity.  The  FASEB  Journal  6:3362-3369. 

33.  Moscatelli  D.  1987.  High  and  low  affinity  binding  sites  for  basic  fibroblast  growth  factor 
on  cultured  cells:  absence  for  a  role  for  affinity  binding  in  the  stimulation  of  plasminogen 
activator  production  by  bovine  capillary  endothelial  cells.  J.  Cell.  Physiol.  131:123-130. 

34.  Yayon  A,  Klagsbrun  M,  Esko  JD,  Leder  P,  Ornitz  DM.  Cell  surface,  heparin-like 
molecules  are  required  for  binding  of  basic  fibroblast  growth  factor  to  its  high  affinity  receptor. 
(1991)  Cell  64:  841-848. 

35.  Aviezer  D,  Levy  E,  Safran  M,  Svahn  C,  Buddecke  E,  Schmidt  A,  David  G,  Vlodavsky 
I  and  Yayon  A.  (1994)  Differential  structural  requirements  of  heparin  and  heparan  sulfate 
proteoglycans  that  promote  binding  of  basic  fibroblast  growth  factor  to  its  receptor.  The  Journal 
of  Biological  Chemistry  269:114-121. 

36.  Rapraeger  AC,  Krufka  A  and  Olwin  BB.  (1991)  Requirement  of  heparan  sulfate  for 
bFGF-mediated  fibroblast  growth  and  myoblast  differentiation.  Science  252:1705-1708. 

37.  Kan  M,  Wang  F,  Xu  J,  Crabb  JW,  Hou  J  and  McKeehan  WL.  (1993)  An  essential 
heparin-binding  domain  in  the  fibroblast  growth  factor  receptor  kinase.  Science  259:1918- 
1921. 

38.  Seno  M,  Sasada  R,  Kurokawa  T  and  Igarashi  K.  (1990)  Carboxyl-terminal  structure  of 
basic  fibroblast  growth  factor  significantly  contributes  to  its  affinity  for  heparin.  Eur  J. 
Biochem  188:239-245. 


18 


WIEDER,  ROBERT 


39.  Spivak-Kroiztnan  T,  Lemmon  MA,  Dikic  I,  Ladbviry  JE,  Pinchasi  D,  Huang  J,  Jaye  M, 
Crumley  G,  Schlessinger  J  and  Lax  1.  (1994)  Heparin-induced  oligomerization  of  FGF 
molecules  is  responsible  for  FGF  receptor  dimerization,  activation,  and  cell  proliferation.  Cell 
79:1015-1024. 

40.  Ornitz  DM,  Herr  AB,  Nilsson  M,  Westman  J,  Svahn  CM  and  Waksman  G.  (1995)  FGF 
binding  and  FGF  receptor  activation  by  Synthetic  heparan-derived  Di-  and  trisaccharides. 
Science  268:432-436. 

41.  Givol  D  and  Yayon  A.  (1992)  Complexity  of  FGF  receptors:  genetic  basic  for  structural 
diversity  and  functional  specificity.  The  FASEB  Journal  6:3362-3369 

42.  Johnson  DE,  Lu  J,  Chen  H,  Werner  S  and  Wiliams  LT.  (1991)  The  human  fibroblast 
growth  factor  receptor  genes:  a  common  structural  arrangement  underlies  the  mechanisms  for 
generating  receptor  forms  that  differ  in  their  third  immunoglobulin  domain.  Molecular  and 
Cellular  Biology  11:4627-4634. 

43.  Johnson  DE  and  Williams  LT.  (1993)  Structural  and  functional  diversity  in  the  FGF 
receptor  multigene  family.  Advances  in  Cancer  Research  60:1-41. 

44.  Bellot  F,  Crumley  G,  Kaplow  JM,  Schlessinger  J,  Jaye  M,  Dionne  CA.  Ligand-induced 
transphosphorylation  between  different  FGF  receptors.  (1991)  EMBO  J.  10:  2849-2854. 

45.  Wang  JK,  Gao  G  and  Goldfarb  M.  (1994)  Fibroblast  growth  factor  receptors  have  different 
signaling  and  mitogenic  potentials.  Molecular  and  Cellular  Biology  14:181-188. 

46.  Wiedlocha  A,  Falnes  PO,  Madshus  IH,  Sandvig  K  and  Olsnes  S.  (1994)  Dual  mode  of 
signal  transduction  by  externally  added  acidic  fibrobast  growth  factor.  Cell  76:1039-1051. 

47.  Zhan  X,  Hu  Z,  Friedman  S  and  Maciag  T.  (1992)  Analysis  of  endogenous  and  exogenous 
nuclear  translocation  of  fibroblast  growth  factor- 1  NIH  3T3  cells.  Biochemical  and  Biophysical 
Research  Communications  188:982-991. 

48.  Lee  PL,  Johnson  DE,  Cousens  LS,  Fried  VA,  Williams  LT.  (1989)  Purification  and 
complementary  DNA  cloning  of  a  receptor  for  basic  fibroblast  growth  factor.  Science  245:  57- 
60. 

49.  Dionne  CA,  Crumley  G,  Bellot  F,  Kaplow  JM,  Searfoss  G,  Ruta  M.,  Burgess  WH,  Jaye 
M,  Schlessinger  J.  (1990)  Cloning  and  expression  of  two  distinct  high-affinity  receptors  cross¬ 
reacting  with  acidic  and  basic  fibroblast  growth  factors.  EMBO  J.  9:  2685-2692. 

50.  Avivi  A,  Zimmer  Y,  Yayon  A,  Yarden  Y,  Givol  D.  (1991)  Flg-2,  a  new  member  of  the 
family  of  fibroblast  growth  factor  receptors.  Oncogene  6:  1089-1092. 

51.  Pelech  SL  and  Sanghera  JS.  (1992)  Mitogen  activated  protein  kinases:  versatile  transducers 
for  cell  signaling.  Trends  in  Biochemical  Sciences  17:  233-238. 

52.  Partemen  J,  Makela  TP,  Eerola  E,  Korhonen  J,  Hirvonen  H,  Claesson- Welsh  L  and  Alital 
K.  (1991)  FGFR-4,  a  novel  acidic  fibroblast  growth  factor  receptor  with  a  distinct  expression 
pattern.  The  Embo  Journal  10:1347-1354. 

53.  Vainikka  S,  Partanen  J,  Bellosta  P,  Coulier  F,  Basilico  C,  Jaye  M  and  Alitalo  K.  (1992) 
Fibroblast  growth  factor  receptor-4  shows  novel  features  in  genomic  structure,  ligand  binding 
and  signal  transduction.  The  EMBO  Journal  11:4273-4280. 

54.  Ron  D,  Reich  R,  Chedid  M,  Lengel  C,  Cohen  OE,  Chan  AML,  Neufeld  G,  Miki  T  and 
Tronick  SR.  (1993)  Fibroblast  growth  factor  receptor  4  is  a  high  affinity  receptor  for  both 
acidic  and  basic  fibroblast  growth  factor  but  not  for  keratinocyte  growth  factor.  The  Journal 
of  Biological  Chemistry  268:5388-5394. 

55.  Vainikka  S,  Joukov  V,  Wennstrom  S,  Bergman  M,  Pelicci  PG  and  Alitalo  K.  (1994)  Signal 
transduction  by  fibroblast  growth  factor  receptor-4  (FGFR-4).  The  Journal  of  Biological 
Chemistry  269:18320-18326. 

56.  Wang  JK,  Gao  G  and  Goldfarb  M.  (1994)  Fibroblast  growth  factor  receptors  have 
different  signaling  and  mitogenic  potentials.  Molecular  and  Cellular  Biology  14:181-188. 

57.  Peters  KG,  Marie  J,  Wilson  E,  Ives  HE,  Escobedo  J,  Del  Rosario  M,  Mirda  D,  Williams 
LT.  Point  mutation  of  an  FGF  receptor  abolishes  phosphatidylinositol  turnover  and  Ca^^  flux 


19 


WIEDER,  ROBERT 


but  not  mitogenesis.  (1992)  Nature  358:678. 

58.  Mohammadi  M,  Dionne  CA,  Li  W,  Li  N,  Spivak  T,  Honegger  AM,  Jaye  M,  Sclessinger 
J.  (1992)  Point  mutation  in  FGF  receptor  eliminates  phosphatidylinositol  hydrolysis  without 
affecting  mitogenesis.  Nature  358:681. 

59.  Marengere  LEM,  Songyang  Z,  Gish  GD,  Schaller  MD,  Parsons  JT,  Stem  MJ,  Cantley  LC, 
Pawson  T.  (1994)  SH2  domain  specificity  and  activity  modified  hy  a  single  residue.  Nature 
369:502-505. 

60.  Hall  A.  (1994)  A  biochemical  function  for  Ras  -  at  last.  Science  264:1413-1414. 

61.  Tsuda  T,  Kaibuchi  K,  Kawahara  Y,  Fukuzaki  H,  Takai  Y.  Induction  of  protein  kinase  C 
activation  and  Ca^^  mobilization  by  fibroblast  growth  factor  in  Swiss  3T3  cells.  (1985)  FEES 
Lett.  191:  205-210. 

62. Darnell  JE  Jr.,  Kerr  IM,  Stark  GR.  (1994)  Jak-STAT  pathways  and  transcriptional 
activation  in  response  to  IFNs  and  other  extracellular  signal  proteins.  Sience  264:  1415-1420. 

63.  Ming  X-F,  Burgering  BMTh,  Wennstrom  S,  Claesson-Welsh  L,  Heldin  C-H,  Bos  JL, 
Kozma  SC,  Thomas  G.  (1994)  Activation  of  p70/p85  S6  kinase  by  a  pathway  independent  of 
p21‘^.  Nature  371:  426-429. 

64.  Chung  J,  Grammer  TC,  Lemon  KP,  Kazlauskas  A,  Blenis  J.  (1994)  PDGF-  and  insulin- 
dependent  pp70^®''  activation  mediated  by  phosphatidylinositol-3-OH  kinase.  Nature  370:  71-75. 

65.  Rodriguez- Viciana  P,  Warne  PH,  Dhand  R,  Vanhaesebroeck  B,  Gout  I,  Fry  MJ,  Waterfield 
MD  and  Downward  J.  (1994)  Phosphatidylinositol-3-OH  kinase  as  a  direct  target  of  Ras. 
Nature  370:  527-532. 

66.  Hall  SH,  Berthelon  M-C,  Ovallet  O,  Saez  JM.  (1991)  Regulation  of  c-fos,  c-jun,  jun-B, 
and  c-myc  messenger  ribonucleic  acids  by  gonadotropin  and  growth  factors  in  cultured  pig 
Leydig  cell.  Endocrinology  129:  1243-1249. 

67.  Xiong  Y,  Hannon  GJ,  Zhang  H,  Casso  D,  Kobayashl  R  and  Beach  D.  (1993)  p21  is  a 
imiversal  inhibitor  of  cyclin  kinases.  Nature  366:  701-704. 

68.  Xiong  Y,  Zhang  H  and  Beach  D.  (1992)  D  type  cyclins  associate  with  multiple  protein 
kinases  and  the  DNA  replication  and  repair  factor  PCNA.  Cell  71:  505-514. 

69.  Zhang  H,  Hannon  GJ  and  Beach  D.  (1994)  p21 -containing  cyclin  kinases  exist  in  both 
active  and  inactive  states.  Genes  &  Development  8:  1750-1758. 

70.  Waga  S.  Hannon  GJ,  Beach  D  and  Stillman  B.  (1994)  The  p21  inhibitor  of  cyclin- 
dependent  kinases  controls  DNA  replication  by  interaction  with  PCNA.  Nature  369:  574-578. 

71.  Li  R,  Waga  S,  Harmon  GJ,  Beach  D  and  Stillman  B.  (1994)  Differential  effects  by  the  p21 
CDK  inhibitor  on  PCNA-dependent  DNA  replication  and  repair.  Nature  371:  534-537. 

72.  Harper  JW,  Adami  GR,  Wei  N,  Keyomarsi  K  and  Elledge  SJ.  (1993)  The  p21  Cdk- 
interacting  protein  Cipl  is  a  potent  inhibitor  of  Gj  cyclin-dependent  kinases.  Cell  75:  805-816. 

73.  Nevins  JR.  (1992)  E2F:  a  link  between  the  Rb  tumor  suppressor  protein  and  viral 
oncoproteins.  Science  258:  424-429. 

74.  El-Deiry  WS,  Tokino  T,  Velculescu  VE,  Levy  DB,  Parson  R,  Trent  JM,  Lin  D,  Mercer 
WE,  Kinzler  KW,  Vogelstein  B.  (1993)  WAFl,  a  potential  mediator  of  p53  tumor  suppression. 
Cell  75:  817-825. 

75.  Michiel  P,  Chedid  M,  Lin  D,  Pierce  JH,  Mercer  WE,  Givol  D.  (1994)  Induction  of 
WAFl/CIPl  by  a  p5 3 -independent  pathway.  Cancer  Research  54:  3391-3395. 

76.  Parker  SB,  Eichele  G,  Zhang  P,  Rawls  A,  Sands  AT,  Bradley  A,  Olson  EN,  Harper  JW 
and  Elledge  SJ.  (1995)  p5  3 -independent  expression  of  p21“P’  in  muscle  and  other  terminally 
differentiating  cells.  Science  267:1024-1027. 

77.  Halevy  O,  Novitch  BG,  Spicer  DB,  Skapek  SX,  Rhee  J,  Hannon  GJ,  Beach  D  and  Lasar 
AB.  (1995)  Correlation  of  terminal  cell  cycle  arrest  of  skeletal  muscle  with  induction  of  p21 
by  MyoD.  Science  267:  1018-1021. 

78.  Toyoshima  H  and  Hunter  T.  (1994)  p27,  a  novel  inhibitor  of  G1  cyclin-cdk  protein  kinase 
activity,  is  related  to  p21.  Cell  78:67-74. 


20 


WIEDER,  ROBERT 


79.  Serrano  M,  Gomez-Lahoz  E,  DePinho  RA,  Beach  D  and  Bar-Sagi  D.  (1995)  Inhibition  of 
ras-incuded  proliferation  and  cellular  transformation  by  pi 6®*''.  Science  267:249-252. 

80.  Skapek  SX,  Rhee  J,  Spicer  DB  and  Lassar  AB.  (1995)  Inhibition  of  myogenic 
differentiation  in  proliferating  myoblasts  by  cyclin  D1 -dependent  kinase.  Science  267:1022- 
1024. 

81.  Schmidt  K.  (1994)  A  puzzle:  how  similar  signals  yield  different  effects.  Science  266:  566- 
567. 

82.  Gu  Y,  Rosenblatt  J  and  Morgan  D.  (1992)  Cell  cycle  regulation  of  CDK2  activity  by 
phosphorylation  of  Thrl60  and  Tyrl5.  EMBO  J.  11:  3995-4005. 

83.  Polyak  K,  Kato  J-y,  Solomon  MJ,  Sherr  CJ,  Massague  J,  Roberts  JM  and  Koff  A.  (1994) 
p27^'Pi,  a  cyclin-Cdk  inhibitor,  links  transforming  growth  factor-p  and  contact  inhibition  to  cell 
cycle  arrest.  Genes  &  Development  8:  9-22. 

84.  Armentano  D.,  S.-F.  Yu,  P.  W.  Kantoff,  T.  von  Ruden,  W.  F.  Anderson,  and  E.  Gilboa. 
1987.  Effect  of  internal  viral  sequences  on  the  utility  of  retroviral  vectors.  J.  Virol.  61:1647- 
1650. 

85.  Markowitz  D.,  S.  Goff,  and  A.  Bank.  1988b.  Construction  and  use  of  a  safe  and  efficient 
amphotropic  packaging  cell  line.  Virology  167:400-406. 

86.  Miller  A.  D.,  D.  R.  Trauber,  and  C.  Buttimore.  1986.  Factors  involved  in  the  production 
of  helper  virus-free  retrovirus  vectors.  Somatic  Cell  Mol.  Genet.  12:175-183. 

87.  Brunner  G.,  J.  Gabrilove,  D.  B.  Rifkin,  and  E.  L.  Wilson.  1991.  Phospholipase  C  release 
of  basic  fibroblast  growth  factor  from  human  bone  marrow  cultures  as  a  biologically  active 
complex  with  a  phosphatidylinositol-anchored  heparan  sulfate  proteoglycan.  J.  Cell  Biology 
114:1275-1283. 


21 


